Fifteen generations of selection were conducted to study responses for litter size at birth (LSB), weight at weaning of standardized litter (LWW), and individual body weight at 8 wk of age (BW8) using golden hamsters as an experimental model for pigs. The experiment involved three lines: selection on an aggregate breeding value of LSB, LWW, and BW8 (line W); selection on an aggregate breeding value of LSB and LWW (line R); and a randomly selected control (line C). Selection in W and R was based on breeding values from a multiple trait animal model. Restricted maximum likelihood with an animal model was used to estimate genetic parameters and genetic trends. Heritability estimates for LSB, LWW, and BW8 were .10, .47, and .52, respectively, and genetic correlations between traits were all positive. The mean estimated breeding value (EBV) for LSB in generation 15 was +2.2 pups in W and R. The mean EBV for LWW in generation 15 was +318 g for W and +174 g for R, and for BW8 means were +64 g and +24 g, respectively. Average inbreeding at generation 16 was 13.4, 19.5, and 8.0% for W, R, and C, respectively. Including BW8 in the selection criterion reduced inbreeding and had a beneficial effect on selection responses in LSB, LWW, and BW8.
Introduction
Improvement of litter size improves the efficiency of swine production. Direct selection for litter size in swine has not been very successful (Rutledge, 1980; Ollivier, 1982) because it is a sex-limited trait with low heritability and only measured after reproduction. Avalos and Smith (1987) proposed selection for litter size based on indices including information on relatives (family selection index). Family selection index can be troublesome to use when animals have different amounts of information from relatives or have multiple records. This can be solved by using the animal model for estimating breeding values (Henderson, 1973) . However, using information on all known relatives may increase the rate of inbreeding (Belonsky and Kennedy, 1988; Toro et al., 1988; De Vries et al., 1990; Roehe et al., 1993) . This is especially true when selection is on a trait with low heritability such as litter size. Finding the balance between selection response and rate of inbreeding is an important issue in designing selection programs.
Substantial improvements in response over direct selection can be made with an index that includes indirect indicators of genetic merit, especially if they can be measured in both sexes (Walkley and Smith, 1980) . Avalos and Smith (1987) indicated that rates of inbreeding would be similar to those in conventional pig selection programs if selection was for an index of litter size and growth and carcass traits. These theoretical studies indicate that selection for reproductive traits using a multitrait index can improve the selection response with a lower rate of inbreeding. Limited experimental evidence is available to support these studies.
We conducted a multiple trait selection experiment on reproductive traits in golden hamsters. Our objective was to compare the selection response and rate of inbreeding when selecting for two reproductive traits (litter size at birth and litter weight at weaning) with selection for these two reproduction traits combined with a production trait (individual body weight at 8 wk of age).
Materials and Methods
Experimental Methods. The base population for this experiment was established with progeny of a fourway cross between unrelated strains of hamsters. Two F 1 crosses from four inbred lines were mated to each other, and 33 litters were produced. After the formation, one generation was produced by pairing one to two females per male by random mating, which resulted in 42 litters (generation 0).
Total number of young born alive ( LSB) and litter weight at weaning at 3 wk of age ( LWW) were recorded for each litter. The LSB and LWW were regarded as traits of the dams, and they were equal for all individuals within the litter. Individual body weight was measured at 8 wk of age ( BW8) . Data were collected for first litter only to maintain discrete generations.
The experiment involved three lines in which the following selection criteria were applied: Line W: selection on an aggregated breeding value of LSB, LWW, and BW8; Line R: selection on an aggregated breeding value of LSB and LWW; and Line C: a randomly selected control.
A multiple trait animal model was used to calculate the aggregated breeding value for animals in W and R, details of which will be described later.
Sib and cousin matings were avoided in pairing two females per male for 12 d at approximately 11 wk of age. The breeding population size was approximately 35 males and 70 females for W and R and 35 males and 35 females for C. To enable pairing two females per male, 35 additional females in C were used as dummies. Only about 10 females of the latter and their progenies were recorded because of restricted breeding space, but they were not used for subsequent matings.
Pups were counted within 12 h after parturition. When the number of pups was more than eight, litters were reduced to eight in all lines at 1 d after parturition. Abnormal pups were eliminated first. Subsequently, litters were reduced as close as possible toward a sex ratio of four males:four females. Within sex, pups in litters larger than eight were chosen at random. When the number of pups was eight or less, all pups were kept and no cross-fostering was used. All litters were weaned into separate male and female cages at 3 wk of age.
Animals were given ad libitum access to water and two kinds of rodent block diet. Room temperature and humidity were maintained at approximately 21°C and 55%, respectively. A 14 h on, 10 h off lighting scheme was used.
Selection Criteria. Animals in W and R were selected on the aggregated estimated breeding value, which was calculated at an age of 10 wk for all selection candidates from all available records on LSB and LWW in line R and LSB, LWW, and BW8 in line W.
The breeding values of the compound traits in line W were estimated from the following multiple trait animal model:
where y i is a vector of observations on trait i, b i is a vector of fixed effects for trait i (i.e., generation for all traits and sex effect for BW8), u i is a random vector of breeding values for trait i, e i is a vector of random residual effects for trait i, X i is the incidence matrix relating elements of b i to y i , and Z i is the incidence matrix relating elements of u i to y i . Expectations of the random effects were assumed to be zero and E (y i ) = X i b i . In addition, it is assumed that var(u) = A⊗G 0 , var(e) = I⊗R 0 , and cov(u, e′) = 0, where A is the additive genetic relationship matrix, G 0 and R 0 are the additive genetic and environmental variancecovariance matrices of the traits, respectively, and ⊗ is the direct product operation. For line R records on only two traits were used.
The aggregate genotype (H; i.e., the selection objective) was H R = 1.69 g LSB + .026 g LWW for line R and H W = 1.69 g LSB + .026 g LWW + .199 g BW8 for line W, where g refers to the additive genetic value of a trait. The relative weight for a trait applied in the aggregate genotype is equal to the reciprocal value of the estimated genetic standard deviation. By using these relative weights, the economic value of a genetic standard deviation unit increase in all traits is assumed to be equal. It is important to realize that LWW is measured on standardized litters. The weights applied in line R, therefore, represent the situation in which the objective is to genetically improve litter weight at weaning. In line W, the objective is to increase a weighted sum of litter weight at weaning and 8 wk of age. The weighting factors used in line W can also be translated to a situation in which the breeding goal contains only LSB and LWW. In that case, the weighting factors for the aggregated breeding value are no longer equal to the relative weights in the aggregate genotype, but they depend on the genetic parameters and the amount of information available (Schneeberger et al., 1992) .
Multiple trait Model [1] was used to estimate breeding values of the compound traits using all information available within a line. Consequently, the aggregated breeding of an animal j (i.e., the breeding value for the aggregate genotype) can be calculated as v′û j , where v is the vector with relative weights for the q traits and û j is the vector with the q breeding values for animal j (Schneeberger et al., 1992) .
The maximum number of animals selected from one litter was limited to two males and four females in W and R and two males and two females in C. All lines were selected for 15 generations. Population parameters used in calculating breeding values ( G 0 and R 0 ) were estimated from data on offspring resulting from additional pairings of the base population (i.e., progeny of four-way-cross parents). The data included records of 1,258 animals from 186 half-and full-sib families for body weight and records of 206 litters of dams from half-and full-sib families produced by 75 granddams for litter traits. This group of animals will be referred to as the initial population. Parameters in the initial population were estimated using an ANOVA method (Harvey, 1985) .
Statistical Analysis. Phenotypic response to selection was evaluated for LSB, LWW, BW8, and aggregated value of these traits. The generation means for W and R, expressed as deviation from C, were calculated. Linear regression was used to estimate phenotypic response to selection per generation for both lines.
Genetic parameters for the selection experiment were estimated using an animal model (Model [1] ). Estimates were obtained using the derivative-free restricted maximum likelihood method as implemented in the MTDFREML program of Boldman et al. (1993) and Boldman and Van Vleck (1991) . This program does not provide information on standard errors of estimated genetic parameters. Univariate and multivariate analyses within and across lines were undertaken for LSB and LWW data up to generation 15 and BW8 data up to generation 16. All analyses included pedigrees back to the base population. Fixed effects included generations for all traits, sex for BW8, and age of dam at parturition as a covariable for LSB and LWW. In the across-line analysis, the generation effect was replaced with a generation × line interaction effect. Additive genetic and residual error effects were included as random effects in the model. A full multivariate analysis with two random components required a 12-dimensional likelihood search. In the REML analyses, the convergence criterion (i.e., variance of the simplex values) for all runs was 10 −9 .
To estimate genetic trend, means of estimated breeding values of animals in each generation were calculated for each line. Breeding values were estimated from the multiple trait model and genetic parameters used were based on multivariate REML analyses. Table 1 are descriptive statistics and estimates of genetic parameters for LSB, LWW, and BW8 from the initial population. The coefficients of variation were different for the three traits. The estimated heritability of LSB was the lowest. All phenotypic and genetic correlations between traits were positive. Genetic correlations were all close to .4. All phenotypic correlations were smaller than the corresponding genetic correlations. Parameters in Table 1 were used in estimating the aggregated breeding values during the selection experiment.
Results

Estimates of Parameters in Initial Population. Summarized in
Selection Responses. Shown in Table 2 are the numbers of animals and litters according to generation and line. A litter was counted if at least one pup was weaned. The total data set included records on 13,692 animals from 2,225 litters. Pedigree information of one generation before generation 0 was included in the analysis to link the three lines, incorporating 130 animals with no records.
Realized selection differentials for LSB, LWW, and BW8 in the three lines are given in Figure 1 . In the control line, the selection differential was, as expected, close to zero on average for LSB and BW8, and for LWW the differential was positive on average. The selection differential for BW8 was clearly larger in line W than in line R. The selection differential for LSB was largest on average in line R. Little difference was found in selection differential for LWW between the two selection lines.
Means for LSB, LWW, BW8, and the aggregated value of the three traits for each line by generation are presented in Figure 2 , and regressions on generation number as a deviation from C are listed in Table 3 . Mean LSB of W and R slightly increased over generation, but that of C decreased. Regressions of LSB in W and R as a deviation from C on generation number were .17 and .15, respectively. The mean advantage of W and R for the last three generations of selection over C for LSB was 2.1 and 1.9, respectively.
Mean LWW on each line decreased slightly over the first 10 generations of selection and increased rapidly from generation 10 to 12. Line W had a larger LWW than R after generation 6. The regressions of LWW on generation number in W and R as a deviation from C were 5.02 and 3.03, respectively. Mean BW8 of all lines decreased over the first three generations. After that, response of BW8 in W increased on the whole, and deviations of generation means of W from C increased almost linearly. For BW8, correlated response in R was slightly, but not significantly, greater than the trend in C. Figure 2d shows the phenotypic response to selection for the aggregate of LSB, LWW, and BW8. Line W had a larger aggregate than R after generation 2. The regression coefficient of W was more than twice as large as that of R for LSB and LWW. Figure 3 gives the average inbreeding coefficients in each line during the period of selection. As expected, inbreeding was lowest in the randomly bred control line. Line R showed the highest rate of inbreeding. Average inbreeding coefficients and their standard deviations in generation 16 were 13.4 ± 1.3, 19.5 ± 1.0, and 8.0 ± 1.4% for W, R, and C, respectively.
Estimation of Genetic Parameters.
Estimates of variance components and heritabilities from univariate analyses are given in Table 4 for within-and across-line analyses. The environmental variance was larger in all traits in line W, than in lines R and C. The estimated heritability for LSB and LWW was lower in the selection lines than in the control line. Within and across lines, estimated heritability was lowest for LSB and highest for BW8.
Results for genetic parameters from multivariate analyses are in Table 5 . The multivariate analyses resulted in larger estimates of additive genetic variance and heritability than the univariate analyses (Table 4) . Genetic correlations between LWW and BW8 and between LWW and LSB were high (.56 to .88) within and across lines. Largest differences between lines were found in the genetic correlation between LSB and BW8, which ranged from −.06 in W to .47 in C. Environmental correlations between LWW and BW8 were negative in all lines, and other environmental correlations were close to zero, but positive (.01 to .37). Figure 4 shows the mean estimated breeding values of all animals in each line and generation for LSB, LWW, BW8, and the aggregated value of the three traits using the relative weights as applied in W. Responses of each trait in W and R increased almost linearly with generation. For LSB the genetic trends in lines W and R were very similar. Line W, however, showed a nearly two times larger trend for LWW and the aggregated value than R. Genetic trend in BW8 was more than twice as large in W as in R. Mean estimated breeding values for all traits in C were slightly positive but, as expected, no trend over generations could be detected. 
Estimates of Genetic Trend.
Discussion
Estimation of Genetic Parameters. Many estimates of heritability of litter size in pigs have been reported, although the quality and size of the data sets have varied. The general conclusion by Haley et al. (1988) was that the heritability of litter size is approximately .09. More recent estimates of heritability using REML range from .01 to .18 in univariate analysis (Southwood and Kennedy, 1990; Ferraz and Johnson, 1993; See et al., 1993; Irgang et al., 1994; Estany and Sorensen, 1995) and range from .06 to .09 in multivariate analysis (Haley and Lee, 1992; Kerr and Cameron, 1995; Roehe and Kennedy, 1995) . No heritability estimate for litter size in hamsters was found in the literature. The heritability of litter size in hamsters found in this study was similar to that reported for pigs. The coefficient of variation for litter size in hamsters was also similar to that reported for pigs. These results support the idea that hamsters can be used as an experimental model to study genetic aspects of litter size in pigs.
Estimates of genetic parameters differed between univariate and multivariate analyses. Multivariate analysis using REML had larger estimates of genetic variances and heritabilities for LSB, LWW, and BW8 than corresponding univariate analysis in all lines. In addition, larger differences were observed in univariate heritabilities between lines for LWW and to a lesser extent for LSB and BW8. In the two selection lines, selection of animals was based on the estimated aggregated breeding value for two or three traits. Multivariate analysis uses the phenotypic information on all traits. In the univariate analysis, however, information from correlated traits is not considered in estimating the genetic variance. Selection has been based partly on the correlated trait, and, as a consequence, ignoring information from that trait in the univariate analysis will result in biased estimates of the genetic variance (Walter and Mao, 1985; Lin and Lee, 1986; Beniwal et al., 1992) . Pollak et al. (1984) showed that multivariate analysis may be used to remove bias from selection on correlated traits. As a consequence, the multivariate analysis yielded better estimates of variance and covariance components than univariate analysis. control line. However, the mean estimated breeding value was slightly positive but stable in C. The slight positive trend in LSB agrees with the slight positive selection differential in that trait. In the selection lines, a nearly linear genetic trend was found in all traits. The difference between genetic and phenotypic level can be attributed to environmental effects. Litter size and litter weight in hamsters depends on age at mating in females (Satoh and Obata, 1995) . In this experiment, age at mating in females ranged from 8 to 13 wk and age at parturition of dam ranged from 73 to 122 d. In addition to these more or less systematic effects, performance of the traits might have been affected by fluctuations in feed composition and room temperature. The change in average inbreeding coefficient might have resulted in a decrease in phenotypic performance as a result of inbreeding depression. The expected changes for each trait in W and R were calculated using family selection indices based on the initial parameter estimates using ANOVA and REML and include the realized response in both lines (Table 6 ). Expected response is influenced by the restriction on number of animals that can be selected from a litter, changes in genetic parameters as a consequence of selection, and ignorance of the impact of correlations between breeding values on the selection intensity (Meuwissen, 1991) . These factors have not been taken into account, and the relative genetic response in each trait is only an approximation. The prediction performed before the start of the selection experiment indicated a larger response in LSB for W than for R. However, the realized response for LSB was only slightly larger in W than in R. The predictions for LSB based on the REML estimates are in close agreement with the realized response. This illustrates the importance of differences in genetic parameters in Tables 1 and 5 . However, W had larger responses for LWW and BW8 than R. As a result, aggregated response in W was larger than that in R. The reasons for the larger response in W are that ( 1 ) information on BW8 enabled a prediction of genetic differences between males as well as females within a full-sib family, ( 2 ) the heritability for BW8 is high, and ( 3 ) BW8 is correlated to LWW and LSB. In R, there was no information available to predict differences within families (i.e., family selection was practiced). This partly explains the larger rate of inbreeding in R than in W. The selection criteria in W had a higher heritability than the selection criteria in R. In general, an increased heritability leads to a shift from family toward individual selection, which lowers the rate of inbreeding. The effect of higher heritability on rate of inbreeding is harder to predict in the present experiment because it coincides with information on individual family members being available.
Selection Responses and Genetic
In calculating the realized relative response in lines W and R for LSB, LWW, and BW8, the mean EBV for each trait was expressed in genetic standard deviation units. The genetic standard deviation was taken from the across-line analysis. The expected responses using family selection indices based on REML and the responses from mean EBV showed good agreement for all traits in both lines.
The selection objectives in the two selection lines were different. The objective for line R was to increase litter weight at weaning, and the objective for line W was to increase a combination of litter weight at weaning and 8 wk of age. The difference between objectives complicates a comparison of observed responses across selection lines. The predicted and realized responses can be compared within line. In addition, the predicted relative responses facilitate a comparison of realized responses across lines. The estimated genetic and phenotypic difference between selection and control lines was similar for LSB. However, a substantial difference was observed for LWW and BW8. In the model for estimating genetic trend an interaction between generation and line was included. This interaction is very likely the cause of this discrepancy. The possible causes for this interaction are 1 ) differences in inbreeding depression as a result of differences in average inbreeding coefficient and 2 ) genotype × environment interaction.
Replication is recognized as an important aspect of selection experiments, especially with laboratory animals. This has not been applied in the current experiment. In designing an experiment, one must balance the number of replicates, number of lines, and size of each line. Given the available laboratory space, we decided to have no replication and to have two relatively large selection lines and a smaller control.
General. Breeding value estimation based on animal model BLUP gives the greatest benefit in selection, particularly for traits with low heritability or that are measurable in only one sex. No selection experiments have been reported for improving litter size using an animal model for pigs or their pilot animals (e.g., mice, hamsters). Many theoretical and simulated studies showed that genetic gain of swine was greater for selection on animal model BLUP than on individual phenotype (e.g., Long et al., 1991; Kuhlers and Kennedy, 1992) . Selection on BLUP breeding values, however, caused higher rates of inbreeding and a more rapid decline of genetic variance because the animal model uses information on all known relatives. This is in particular the case when selection is on a trait of low heritability and(or) on reproduction traits such as litter size and litter weight.
In our results, selection for LSB and LWW combined with BW8 using a multiple trait animal model gave higher responses to selection and a lower rate of inbreeding. This shows that the additional use of a trait that is measurable on individuals and genetically correlated with litter size is an advantage for increasing litter size when animal model BLUP is used for selection. Furthermore, if the correlation between the additional trait and litter size is positive, we can improve both traits simultaneously.
The question remains whether such a trait exists in pigs. Growth or carcass traits such as backfat thickness or loin eye muscle area are available for increasing litter size because they are traits of individuals and are measured before reproductive age. However, estimates of genetic correlations between litter size and growth traits in pigs vary widely and have usually not been significantly different from zero (Haley et al., 1988) . Genetic correlations of first litter size and daily gain also seemed to be near zero or slightly negative, as summarized by Brien (1986) . For carcass traits, Gaughan et al. (1995) and Fredeen and Mikami (1986) reported positive correlations between litter size and backfat thickness and between an index of growth rate and backfat thickness, respectively. Rydhmer et al. (1992) reported that gilts with high lean percentage tended to have large litters. However, it is difficult to measure lean percentage unless relatives are slaughtered. As given above, there are several reports that found desirable genetic correlations between litter size and carcass traits. The majority of literature, however, seems to indicate that litter size and production traits in pigs are weakly correlated (e.g., Haley et al., 1988) .
There are other avenues for using a correlated trait. Nelson and Robison (1976) and Willeke and Richter (1979) reported a negative correlation between the size of the litter in which an animal is born and postnatal maternal environmental effects for growth rate from birth to a fixed age or weight. Leymaster and Johnson (1994) summarized studies that indicated a favorable relationship between litter size and ovulation rate. Young et al. (1986) estimated genetically positive correlations between testis size and litter size. Using physiological (Robison, 1986) or genetic (Rothschild et al., 1994) markers to assist selection for litter size has also been considered. Using such traits might be available for increasing litter size even if there is no production trait related to litter size.
We have directly conducted selection for reproductive traits and obtained a large response for litter size. Several components of litter size, namely ovulation rate, potential embryonic viability, and uterine capacity, have been shown to affect litter size in pigs (e.g., Lamberson et al., 1991; Haley and Lee, 1992) and mice (e.g., Clutter et al., 1990; Van Engelen et al., 1995) . The underlying changes that have contributed to the selection response found in the present study are currently under investigation. Integration of experimental and theoretical studies is expected to improve our understanding of the genetic basis of litter size.
Implications
Selection for litter traits such as litter size combined with a correlated trait measured on individuals permits larger responses for the traits. With selection Table 6 . Expected genetic responses using family selection indices a based on the initial parameter estimates (Table 1 , "prior") and REML estimates from the experiment (overall in Table 5 , "REML") and the realized response in both lines (Figure 3) a In selection index calculation to predict the response the following records were used: dam, dam of sire and dam, sire's and dam's full-sibs, and candidates for selection.
b LSB = litter size at birth; LWW = litter weight at weaning; BW8 = body weight at 8 wk.
c Expected response using REML estimates and realized response for LSB assumed 100 in each line.
d Indices without BW8 were used for R. The values for BW8 in R are correlated responses of selection for LSB and LWW. for litter traits, no information is available to predict differences within families for males and females before the time they have expressed the trait. Benefits of including a correlated trait arise from moving from family to individual selection, which yields a smaller rate of inbreeding and larger selection response.
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